Abstract: Multi-junction solar cells can be economically viable for terrestrial applications when operated under concentrated illuminations. The optimal design of concentrator optics in high concentration photovoltaics (HCPV) systems is crucial for achieving high energy conversion. At a high geometric concentration, chromatic aberration of the primary lens can restrict the optical efficiency and acceptance angle. In order to correct chromatic aberration, multi-material, multi-element refractive elements, hybrid refractive/diffractive elements, or multi-element refractive and diffractive systems can be designed. In this paper, the effect of introducing a diffractive surface in the optical path is analyzed. An example two-stage refractive and diffractive optical system is shown to have an optical efficiency of up to 0.87, and an acceptance angle of up to ±0.55 • with a 1600× geometric concentration ratio, which is a significant improvement compared to a single-stage concentrator system with a single material. This optical design can be mass-produced with conventional fabrication methods, thus providing a low-cost alternative to other approaches, and the design approach can be generalized to many other solar concentrator systems with different cell sizes and geometric concentration ratios.
Introduction
Multi-junction solar cells have been traditionally used in space applications, and are now gaining popularity in terrestrial photovoltaics (PV) [1] [2] [3] . These devices stack multiple bandgap units (typically 3 or 4) to provide high-efficiency energy conversion over the broadband solar spectrum ( Figure 1 ). Due to their complex, multilayer structure and the choice of different semiconductor materials, multi-junction cells are expensive when compared to silicon PV cells. The active solar cell area can be reduced with the help of low-cost concentrator optics, and the overall system cost can thus be lowered with minimal effect on performance. Among concentrated photovoltaics (CPV) systems, concentration levels higher than 400× are typically considered high concentration photovoltaics (HCPV) [4] . In addition to the level of concentration, the acceptance angle of a CPV system is also a critical parameter. The sun subtends to an angle of about ±0.25 • in the sky, meaning that a solar concentrator system should have an acceptance angle that matches and exceeds this value. Most CPV systems have very limited acceptance angles, and therefore require tracking and orientation systems to keep the sun in the field of view [5] [6] [7] . Increasing acceptance angles of concentrator optics will result in reduced alignment accuracy and tracking requirements, lowering the overall cost of the system. The concentrator system should itself be of low cost, and made out of commonly available materials through mass-production methods. A simple solar concentrator system can be constructed with either a reflective (mirror) or a refractive (lens) primary optical element (POE). Refractive POEs (e.g., Fresnel lenses) are typically preferred, because they are more tolerant to manufacturing errors than mirrors [8] . At high concentration ratios, optical aberrations (such as spherical and chromatic aberration) of the POE limit the optical efficiency and acceptance angle of the system.
The sun is a broadband energy source, with the useful spectrum being from 380 nm to 1.6 µm, as shown in Figure 1 . A solar CPV concentrator system should be designed such that the wavelengths of light in this range are focused onto the solar cell. This can be achieved through designing a chromatic aberration-corrected (achromatized) optical concentrator system. Spherical aberration of the POE can be minimized by designing a Fresnel lens with an optimized aspherical surface profile. Refractive concentrators are typically rotationally symmetric, and due to the narrow acceptance angles, other monochromatic optical aberrations, such as the coma or distortion, are not pronounced [9, 10] . Chromatic aberration can be minimized through a doublet element (with two different optical materials) or a hybrid refractive/diffractive design approach for the POE [11, 12] . Another option would be to introduce a secondary optical element (SOE), typically placed on the solar cell, in addition to the POE [13, 14] . In this paper, a novel concept for achromatization through the optical design of a diffractive secondary optical element is presented, and this is shown to both increase optical efficiency, widen acceptance angles, and loosen assembly tolerances. There are several advantages of implementing a diffractive SOE. In the case of a hybrid refractive/diffractive lens (in which the diffractive surface is on the refractive Fresnel primary optical element), the full area of the POE should have a diffractive profile. This means the large-area Fresnel lens needs to have diffractive features on the order of 1 µm, and this can be challenging to fabricate. When placed on the solar cell as an SOE, the diffractive element can be made smaller, and therefore be easier to fabricate. Compared to refractive SOEs, a diffractive SOE will be planar and thin. The multi-junction solar cell is already packaged in an optically clear and robust package, with either a coverglass or an overmolded optical plastic. The diffractive SOE can be etched directly onto the coverglass or replicated onto the overmolded plastic material. The unique contributions of this paper are:
(a) A design approach for a two-stage photovoltaic concentrator system, with a refractive primary optical element and a diffractive secondary optical element. (b) An evaluation of the distance between the diffractive surface and the solar cell plane, and its effect on the system parameters. (c) An optimized refractive-diffractive design that has a 1600× geometric concentration ratio, on-axis optical efficiency of 0.87, and acceptance angle of ±0.55 • .
Optical Concentrator Systems for Concentrated Photovoltaics
Solar concentration for photovoltaics is typically achieved with a refractive optical system, using a Fresnel lens as the POE . The light incident on the Fresnel lens is focused onto a tight focal point, and the small solar cell is placed at this focus. Fresnel lenses can be mass-produced at a low cost out of optical plastics (e.g., polymethylmethacrylate (PMMA), polycarbonate) with replication methods [16] . PMMA is commonly used in solar applications, and available from various manufacturers under different trade names, such as Plexiglas, Lucite, or Acrylite. The unique advantage of PMMA for CPV applications is its low transmission in infrared wavelengths, and therefore its potential to reduce excess heating [17] . Fresnel lenses can also be replicated on silicone attached to a flat glass plate, an approach known as Silicone-on-Glass (SoG) [18] . The geometric concentration ratio C geo and optical efficiency η opt are two parameters that characterize the collection in a solar concentrator. The geometric concentration ratio is the ratio between the collector (i.e., Fresnel lens) area (A collector ) and the solar cell receiver area (A receiver ). Optical efficiency is the ratio between the optical power incident on the receiver (Φ receiver ) and the optical power incident on the collector (Φ collector ) [19] .
The purpose of the CPV system is to concentrate the power incident on the collector onto a small receiver area. The optical concentration ratio C opt is the ratio between the power per area at the collector and at the receiver [19] .
If all the optical power that is incident on the collector is also incident on the receiver (i.e., η opt = 1), then the power per area is concentrated by the geometric concentration ratio C geo . However, for a given collector-receiver pair, not all rays incident on the collector will make it to the receiver. Optical aberrations, Fresnel reflections at material-air interfaces, and transmission losses through optical materials limit the total power from reaching the receiver, resulting in a reduced η opt .
Fresnel reflections occur at interfaces with different refractive indices on either side. For a typical optical material (n = 1.5) to air (n = 1) interface, at a normal incidence of light, 4% of optical power is not transmitted due to the Fresnel reflection. Assuming the solar cell is enclosed in an index-matched coverglass (or an SOE), a typical CPV system with uncoated surfaces will have three air-material interfaces (two interfaces for POE and one for the receiver), with about 12% total loss due to Fresnel reflections. Anti-reflection (AR) coatings can be applied to each of the optical surfaces to minimize this Fresnel loss. These AR coatings should be broadband ones to cover the full useful spectrum of the sun (380 nm to 1.6 µm) [20] . In order to minimize transmission losses, high-transmittance (low-absorption) optical materials should be selected for both the POE and the SOE design, and these components should be made as thin as possible.
Chromatic Aberration
Chromatic aberration results from the dispersive nature of optical materials; that is, the material's refractive index (n) changes with wavelength. The refractive index of PMMA varies from 1.511 at 380 nm to 1.480 at 1.6 µm. This means short wavelengths are refracted more than long wavelengths. The Abbe number (V) for an optical material shows how dispersive a material is, and is defined as:
The Abbe number is typically defined for the visible spectrum, for which n center , n short and n long are the refractive indices of the material at 588 nm, 486 nm, and 656 nm, respectively (Fraunhofer d, F, and C lines). For the case of solar concentrators, which cover a wider range of wavelengths including near-infrared, a solar Abbe number can be defined [21] . Selecting 990 nm, 380 nm, and 1.6 µm for the center, short, and long wavelengths, the solar Abbe number for the PMMA is 15.92.
Two commonly utilized techniques for chromatic aberration correction (achromatization) are refractive and diffractive correction.
Refractive Achromatization
A traditional method for chromatic aberration correction is to design a multi-element lens with different optical materials. A doublet with a low-dispersion (high Abbe number) positive lens and a high-dispersion (low Abbe number) negative lens can be designed to bring two wavelengths of light to the same focus. These two lenses can be in contact or have some air separation. In the context of solar concentrators, Fresnel doublets have been designed for achromatization of the POE. One example is a low-dispersion PMMA and high-dispersion PC (polycarbonate) doublet Fresnel lens by Languy et al. [12] . Another approach has been an achromatic doublet on glass lens designed by Askins et al., where a low-dispersion elastomer was coupled with high-dispersion plastic (PC) [22] . One advantage of these approaches is that they provide chromatic correction of the POE lens, and thus eliminate the need for an SOE to achieve achromatization. However, making the POE more complex requires sophisticated fabrication methods, and can increase the overall cost of the system.
Diffractive Achromatization
In addition to refractive lenses, diffractive elements are also widely used in optical system design. These lenses have features on the order of the wavelength, and rely on diffraction and interference for ray bending. They are commonly used in optical systems for spectral-splitting and beam-shaping applications [23] , in addition to chromatic aberration correction in lens design [24] . Instead of combining multiple refractive lens elements with different Abbe numbers, a diffractive element can be introduced for achromatization. The dispersive property of a diffractive element depends on the wavelength, but not on the material refractive index. An equivalent diffractive Abbe number for a diffractive element can be defined as [25] :
The diffractive Abbe number is always negative, meaning that chromatic correction can thus be achieved through combining a diffractive surface with a refractive element. Considering the solar spectrum wavelengths (λ center = 990 nm, λ short = 380 nm, and λ long = 1.6 µm), the equivalent Abbe number for a diffractive element is −0.811. There have been approaches for chromatic aberration correction with a hybrid refractive/diffractive optical design approach. In this case, a diffractive surface is added to the front surface of the POE Fresnel lens, which is typically flat to begin with [8, 11] .
Design Approach
In this study, a diffractive optical element (DOE) was placed on the solar cell to achieve chromatic correction, and therefore increase optical efficiency and the acceptance angle, and reduce assembly tolerance requirements.
The primary optical element is a circular Fresnel lens with a diameter of 400 mm, and the receiver is a circular solar cell with a diameter of 10 mm. The corresponding geometric concentration ratio is 1600×. A schematic drawing of the system is shown in Figure 2 . This is a representative example, and the same approach can be scaled to different Fresnel lens and solar cell dimensions. Initially, the POE Fresnel lens was designed and optimized without an SOE. The POE had an aspherical surface to minimize the spherical aberration in the system. The total length of the optical system was constrained to be less than 45 cm for all designs. This corresponds to a f /number of about f /1.1. In modeling and system optimization, the broadband solar spectrum (as shown in Figure 1 ) was used. In addition to the POE-only design, three two-stage systems were also designed. Three different thickness values for the diffractive SOE were considered-2 mm, 5 mm, and 10 mm, with diameters of 12.8 mm, 17 mm, and 24 mm, respectively. The diameter of the diffractive SOE was scaled such that the rays concentrated by the POE could be collected by the SOE. As the goal of placing the diffractive surface on the solar cell was to have a small diffractive element for easier fabrication, an SOE thickness of up to 10 mm was considered with a corresponding diameter of 24 mm. For each of these SOE designs, the POE surface was also re-optimized to achieve system level performance improvements. In each case, the solar cell was assumed to be embedded inside the SOE, to minimize index mismatch. The concentrator optical system was initially designed with sequential mode in OpticStudio (Zemax), which allowed for efficient and quick optimization. Once a satisfactory design was reached, it was analyzed in non-sequential mode in OpticStudio [26] . Non-sequential ray-tracing allows for simulation of effects such as Fresnel reflections at surfaces. During system optimization, the minimum zone width for the diffractive element was constrained to be greater than 1.4 µm. Typically, the zone depth of the diffractive profile is twice that of the wavelength, and setting a minimum zone width constraint ensures an aspect ratio of about 1:1, to ensure manufacturability. Sub-micron features have been demonstrated with glass etching or replication of optical plastics [27] [28] [29] . The POE lens was modeled as an ideal refractive Fresnel lens, and this is a valid approximation for lenses with fine grooves. Physical Fresnel lenses have inactive faces which reduce light-gathering efficiency. The SOE was modeled as an ideal diffractive element. In this case, the phase change across the lens surface is continuous; therefore, real diffractive elements with discrete steps (such as those manufactured on glass through lithography and etching) will have some deviation from the ideal model described herein.
Results
CPV systems are usually designed to have maximum optical efficiency with normal incidence, and efficiency rolls off with the light incidence angle. At high concentration levels, such as the 1600× geometric concentration ratio presented in this paper, chromatic aberration of the POE will limit the optical efficiency for the normal incidence of light (on-axis). With the introduction of a diffractive SOE, on-axis optical efficiency can be increased from 0.79 to 0.85, as shown in Figure 3 and listed in Table 1 . By increasing the thickness of the SOE, on-axis optical efficiency can be further increased to 0.87. Considering the Fresnel losses at three air-material interfaces, an optical efficiency level of 0.87 is close to the theoretical maximum value. In order to analyze the acceptance angle of the various designs, the angular efficiency curves were generated (Figure 3) . Angles corresponding to relative light transmission levels of 90%, 80%, and 50% (α 90 , α 80 and α 50 , respectively) of the maximum achieved with normal incidence were obtained from the angular efficiency plot. Typically, the α 90 value is quoted as the acceptance angle [30] . Table 1 . Optical efficiency (normal incidence) for the different optical designs presented. α 90 , α 80 , and α 50 are the light incidence angles corresponding to 90%, 80%, and 50% of the maximum optical efficiency. SOE: secondary optical element. As shown in Figure 3 , the optical efficiency and acceptance angle increase as the SOE is made thicker. In this case, the second (flat) surface of the diffractive SOE is assumed to be in contact with the solar cell for all designs (to minimize Fresnel losses). Therefore, increasing the element thickness effectively increases the distance between the diffractive surface and the solar cell. Due to the chromatic aberration of the POE, incoming light is significantly dispersed by the time it reaches the diffractive surface, a sufficient optical path is required after the diffractive surface to achieve a chromatically-corrected, tight spot at the solar cell plane. As the thickness of the SOE is increased, the diameter should also grow proportionally, increasing the number of diffractive zones. In order to keep a compact and easily manufacturable DOE design, thickness values of up to 10 mm are considered. The design with a 10 mm thick diffractive SOE has the largest acceptance angle of ±0.55 • . This is about twice the angular size of the sun, which is a significant improvement compared to the case without a diffractive surface, for which the acceptance angle is only ±0.23 • .
SOE
The results shown in Figure 3 and listed in Table 1 are for the nominal assembly of the solar concentrator system. However, assembly equipment have limited alignment accuracy, and there could be cases of misalignment. One method to prevent misalignment could be to use active alignment of the solar cell and the SOE [31, 32] ; however, this makes the assembly procedure more complex, and increases costs. In order to analyze how misalignment could impact both the optical efficiency and acceptance angle, the case of 2 mm misalignment between the Fresnel lens and the diffractive SOE was simulated. As shown in Figure 4 , with this misalignment, the optical efficiency for designs without DOE drops from 0.79 to 0.73, whereas for the 10 mm thick diffractive SOE design, the drop is negligible. In addition, the acceptance angle of the design without DOE drops to ±0.13 • , whereas the acceptance angle for the 10 mm thick diffractive SOE design is ±0.38 • . Thus, we can conclude that incorporating a suitable diffractive SOE makes the concentrator design less sensitive to assembly tolerances. 
Discussion
In this paper, geometrical optical design and evaluation of a solar concentrator system was studied. In order to prove the concept, an example case of a circular Fresnel lens (POE), a circular diffractive lens (SOE), and a circular solar cell was assumed. However, concentrator POEs and solar cells can be rectangular in shape. Without loss of generality, the same design principles can be applied to different shapes. In optical modeling, PMMA is considered as the material of POE and SOE. However, as explained above, the diffractive optical element is not related to the material. The same diffractive structure can be made out of other optical plastics or glasses. The diffractive surface is modeled as a continuous phase change. The rotationally symmetric variation of the diffraction-grating period can then be derived from this phase profile. If the manufacturing steps of the diffractive element require discrete binary steps (such as those fabricated through photolithography and etching), efficiency of the diffractive element will be less than that predicted by the ideal model [33] . In this paper, commercial software based on geometric optics was utilized to design a refractive and diffractive solar concentrator system. In order to achieve more accurate results, specialized software tools for the modeling of diffractive optical elements (such as those based on rigorous coupled-wave analysis) can be used.
Conclusions
With their high energy-conversion efficiency, multi-junction solar cells are promising candidates for the widespread adoption of photovoltaic systems. In order to make them economically viable, these multi-junction cells are typically operated under concentrated sunlight. With high levels of geometrical concentration, aberrations of the concentrator optics may limit the optical efficiency and acceptance angle. As the sun has a broad spectrum, chromatic aberration is a major reason for reduced efficiency. In this paper, the optical design of a two-stage optical concentrator system was presented. The primary optical element is a Fresnel lens with an optimized aspherical surface profile. As a unique approach, the secondary optical element was a planar element with a diffractive surface. The combined system was optimized to have minimal spherical and chromatic aberration; that is, all wavelengths of sunlight were brought to a common focus on the solar cell. With this approach, the concentrator system has increased optical efficiency, a widened acceptance angle, and reduced tolerance sensitivity compared to a simple single-stage system. The thickness of the diffractive element (i.e., the distance between the diffractive surface and the solar cell plane) is an important factor in design optimization. A design with a diffractive element that is 10 mm thick was shown to have an optical efficiency of 0.87 and an acceptance angle of ±0.55 • for nominal operation. 
